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PreviewsIn 1963, the Nobel Laureate Christian de 
Duve first coined the term “autophagy” 
to describe a cellular process in which a 
double-membrane vesicle, the autopha-
gosome, delivers cytoplasmic material to 
lysosomes for degradation and recycling 
(de Duve, 1963). In the 40 years since, 
the origin of these autophagosomes and 
the membranes that comprise them has 
fanned the flames of scientific debate. 
Although the discovery of a preautopha-
gosomal structure in the budding yeast 
Saccharomyces cerevisiae was a huge 
step toward solving this puzzle, the ori-
gin of autophagosomes in mammalian 
cells is less obvious. Now, in this issue of 
Cell, Hailey et al. (2010) add a twist to this 
mystery by proposing that mitochondria 
serve as a source of autophagosomal 
membranes during starvation in mam-
malian cells.
In yeast cells, the majority of the 
autophagy machinery localizes to the 
preautophagosomal structure, which 
contains key autophagy proteins, such 
as Atg1 kinase, Atg12-Atg5 conjugate, 
Atg16, and Atg8 (LC3 in mammals). This 
central organizational structure (which 
appears as a dot under the fluorescence 
microscope) lies in close proximity to the 
vacuole and plays a fundamental role in 
regulating the expansion of the autopha-
gosomal membrane in yeast (Suzuki et 
al., 2001).
In mammalian cells, the origin of 
autophagosomal membranes is more 
ambiguous. Originally, the endoplasmic 
reticulum (ER) was proposed to be the 
primary source of these membranes. 
This conclusion was largely based on 
electron microscopy images, but ulti-
mately the theory faltered due to a lack of 
evidence as well as contradictory results 
(Yamamoto et al., 1990). This gave rise to 
the de novo theory, in which local syn-
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During starvation, the cell recycles cytoplasmic material by sequestering it in double-membrane 
organelles, called autophagosomes, which eventually fuse with lysosomes. In this issue, Hailey 
et al. (2010) identify the outer membrane of mitochondria as a new source of autophagosomal 
membranes during starvation.
Figure 1. Models for the Origin of Autophagosome Membranes during Starvation
(Bottom) One current model suggests that autophagosomes form from “cradle” or omegasome struc-
tures on the rough endoplasmic reticulum (ER) in mammalian cells. Small sections of ER are present in 
autophagosomes produced in this manner.
(Top) Hailey et al. (2010) now propose that autophagosomes form from the outer membranes of mi-
tochondria in mammalian cells during starvation. In this new model, the lipid phosphatidylserine (PS) 
translocates from the ER to mitochondria, where the PS-decarboxylase enzyme converts it into phos-
phatidylethanolamine (PE). Mitofusin 2, which tethers mitochondria to the ER, aids this lipid transfer. PE 
is then incorporated into the growing autophagosome along with the Atg5 complex (Atg5-Atg12-Atg16) 
and LC3, which is conjugated to PE. Then the Atg5 complex dissociates from the growing autophago-
some; the double membrane closes, and a mature autophagosome separates from the mitochondrion.564 Cell 141, May 14, 2010 ©2010 Elsevier Inc.
thesis of lipids supplies the materials 
for the initial expanding membranes of 
autophagosomes (Longatti and Tooze, 
2009).
More recently, the ER has again sur-
faced to the forefront of the debate. 
The lipid PtdIns(3)P (phosphatidylinosi-
tol 3-phosphate) is a core element of 
autophagosomes, and Axe et al. (2008) 
recently found that these lipids accumu-
late in a structure named the omegas-
ome (Figure 1, bottom). Using fluores-
cence microscopy, they showed that the 
omegasome is dynamically connected 
to the ER and can be pinpointed by the 
localization of the protein DFCP1 (Axe et 
al., 2008).
Strengthening the claim of the ER 
as the main contributor to autophago-
somes, two groups recently demon-
strated a direct physical connection 
between the ER and newly forming 
double membranes (i.e., isolation mem-
branes), which are “sandwiched” or 
cradled by two ER membranes (Figure 
1, bottom) (Hayashi-Nishino et al., 2009; 
Ylä-Anttila et al., 2009). In addition, 
DFCP1 localized to this cradle, indicat-
ing that this ER subdomain is perhaps 
the same complex as the omegasome 
(Hayashi-Nishino et al., 2009). Never-
theless, only 70% of these membranes 
were associated with the ER during 
starvation (Figure 1, bottom), leaving 
30% of preautophagosome structures 
unaccounted for (Hayashi-Nishino et 
al., 2009). This left the door open for an 
alternative origin of starvation-induced 
autophagosomes.
Now, in a surprising finding, Hailey 
et al. (2010) identify the outer mem-
brane of mitochondria as a new source 
of autophagosomal membranes under 
starvation conditions. Using time-
lapse microscopy of rat kidney cells, 
the authors characterize the cellular 
localization of membrane marker pro-
teins fused to fluorescent proteins. The 
authors examine markers that local-
ize to the mitochondria, ER, Golgi, 
early endosomes, and plasma mem-
brane. Ultimately, the key marker was 
the membrane targeting sequence of 
cytochrome b5 (YFP-Mitocb5TM), which 
is shown to anchor in the outer mem-
branes of mitochondria but not the ER. 
Hailey et al. demonstrate that under 
starvation conditions, this mitochon-drial marker significantly overlaps with 
LC3, which resides on membranes of 
autophagosomes (Figure 1, top).
Selective autophagy of mitochondria 
(i.e., mitophagy) specifically targets and 
degrades mitochondria (Kirkin et al., 
2009) and could explain the colocaliza-
tion of the mitochondrial marker with the 
autophagosomal marker LC3. However, 
by fluorescently labeling the mitochon-
drial matrix and inner membrane of the 
mitochondria, the authors show that 
only the outer membrane marker (YFP-
Mitocb5TM) is present on membranes of 
autophagosomes. In contrast, markers 
of the mitochondrial lumen and inner 
membrane appear only to a small extent 
in the lumen of autophagosomes. Impor-
tantly, Atg5, which is essential for the 
recruitment of LC3 and the expansion 
of autophagosomes, also localizes with 
LC3 to mitochondria’s outer membranes 
(Figure 1, top). Moreover, time-lapse 
microscopy and transmission electron 
microscopy images directly captured 
autophagosomes growing adjacent to 
the outer membranes of mitochondria, 
signifying that biogenesis of autophago-
somes may take place here during star-
vation.
This data begs the question of why, 
during starvation, would a cell exploit 
the mitochondrial membrane for the 
generation of autophagosomes? The 
answer perhaps lies in the source of 
phosphatidylethanolamine (PE), a lipid 
conjugated to Atg8/LC3 proteins in 
membranes of autophagosomes. The 
ER and mitochondria are the two major 
sites of PE production in cells. The 
mitochondria generate PE from phos-
phatidylserine (PS), which they obtain 
from the ER (Figure 1, top). Hailey et al. 
(2010) hypothesized that any PE derived 
from PS would be incorporated into the 
maturing autophagosome. Thus, they 
tracked the lipid’s movement from the 
ER to the mitochondria using a syn-
thetic, fluorescent analog of PS. Indeed, 
the localization of the fluorescent lipid 
closely followed that of the mitochon-
drial marker (cytochrome b5) during the 
formation of autophagosomes.
One question raised by the authors is 
the availability of PE during starvation. 
They point out that the precursor mol-
ecules for PE (ethanolamine and diacyl-
glycerol) are not freely available during Cell starvation, thereby limiting the produc-
tion of PE in the ER. If this proves to be the 
case, it casts a shadow of doubt on the 
ER as the primary source of autophagic 
membranes during starvation.
Interestingly, the synthesis of PE 
occurs at the inner membrane of mito-
chondria, where the PS-decarboxylase 
enzyme resides (Figure 1, top). Further 
studies on the transport of PE from the 
inner membrane to the outer membrane 
and subsequently onto the autophago-
some will shed new light on the dynam-
ics of lipid transport and the barriers that 
prevent the incorporation of mitochon-
drial proteins into autophagosomes.
The model of lipid transfer proposed 
by Hailey et al. (2010) was further 
strengthened by experiments in mouse 
embryonic fibroblasts that lack mitofusin 
2. Mitofusin 2 tethers mitochondria to the 
ER (Figure 1, top), and removal of this pro-
tein inhibited the formation of autopha-
gosomes during starvation. Thus, the 
transfer of PS between these two organ-
elles (and their physical connection via 
mitofusin 2) appears to be essential for 
the formation of autophagosomes from 
the outer membranes of mitochondria. 
However, the elimination of mitofusin 2 
may also alter ER morphology and affect 
the transfer of PE lipids back to the ER 
(de Brito and Scorrano, 2008). Thus, 
one cannot rule out the possibility that 
removal of mitofusin 2 also disrupts the 
assembly of autophagosomes from the 
ER/omegasomes.
The article by Hailey et al. raises 
many intriguing questions about 
autophagosomes derived from the 
outer membranes of mitochondria and 
the cargo that these vesicles carry. 
Are they involved in transport of mito-
chondrial factors? Could they be used 
to remove protein aggregates? Does 
only starvation trigger the formation of 
these autophagosome? Most impor-
tantly, what is the relative amount of 
autophagosomes produced from ome-
gasomes (or cradles) at the ER (Figure 1, 
bottom) and from the outer membranes 
of mitochondria (Figure 1, top) during 
both starvation-induced autophagy and 
selective autophagy (Kirkin et al., 2009)? 
These are exciting times in autophagy 
research, and it will be fascinating to see 
how many of these questions remain 
unanswered in the next 40 years.141, May 14, 2010 ©2010 Elsevier Inc. 565
REFERENCES
Axe, E.L., Walker, S.A., Manifava, M., Chandra, P., 
Roderick, H.L., Habermann, A., Griffiths, G., and 
Ktistakis, N.T. (2008). J. Cell Biol. 182, 685–701.
de Brito, O.M., and Scorrano, L. (2008). Nature 
456, 605–610.
de Duve, C. (1963). Sci. Am. 208, 64–72.566 Cell 141, May 14, 2010 ©2010 Elsevier I
The wiring and rewiring of neural circuits 
involves changes in gene expression 
that are both spatially and temporally 
regulated within individual neurons. The 
polarized morphology of neurons, with 
processes extending distances that can 
exceed the diameter of the cell body by 
orders of magnitude, poses a particu-
lar challenge to the spatial regulation of 
gene expression. How can localized 
stimuli—such as those experienced by 
axonal growth cones as they navigate 
toward their targets, or by synapses dur-
ing neurotransmission—trigger rapid, 
compartmentalized changes in gene 
expression?
The discovery of local translation 
in axonal growth cones and dendritic 
spines (Sutton and Schuman 2006, Yoon 
et al., 2009) provides a solution to this 
problem by decentralizing gene expres-
sion from the neuronal nucleus and 
soma to the growth cone and synapse. 
This solution, however, raises the ques-
tion of how extracellular stimuli are trans-
duced to produce changes in protein 
synthesis that are spatially restricted. In 
their report in this issue, Flanagan and 
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colleagues (Tcherkezian et al., 2010) 
provide a compelling answer: DCC, the 
receptor for the axonal guidance factor 
netrin, anchors components of the pro-
tein synthetic machinery within discrete 
subcellular compartments to form what 
the authors term a “transmembrane 
translational regulation complex.” Bind-
ing of netrin to DCC regulates the asso-
ciation to the translation machinery such 
that extracellular signals are directly 
coupled to changes in protein synthesis. 
In this manner, netrin—initially identified 
as a diffusible guidance factor for long-
distance axonal growth cone navigation 
(Kennedy et al., 1994)—plays a second, 
complementary role in brain wiring by 
coordinating local translation within 
neuronal subcellular compartments as 
they encounter new environments and 
stimuli.
The Flanagan group hypothesized that 
the local regulation of protein synthesis 
might involve the formation of a com-
plex between a transmembrane protein 
and the translational machinery. They 
focused their attention on DCC because 
it is localized in axons and dendrites 
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linen, E.L. (2009). Autophagy 5, 1180–1185.and is a receptor for netrin (Moore et al., 
2007), which has been shown to mediate 
both axon guidance and local transla-
tion (Yoon et al., 2009). As an initial test 
of their hypothesis, the investigators 
asked whether DCC colocalizes with 
protein synthetic machinery. Immunocy-
tochemical experiments at both the light 
and electron microscope levels reveal 
colocalization of DCC with ribosomal 
proteins and translation initiation factors 
at the tips of filopodia in axonal growth 
cones and in dendrites in puncta that are 
immunopositive for postsynaptic density 
protein 95 (PSD-95).
Coimmunoprecipitation and mass 
spectrometry show that DCC physically 
interacts with ribosomal proteins and 
translation initiation factors. These inter-
actions depend on the presence of the 
cytoplasmic tail of DCC, and specifically 
on the P1 domain—a region that is con-
served from nematodes to mammals. 
The P1 domain in turn binds directly to 
the ribosomal protein L5. As yet another 
indication of an interaction between 
DCC and translational machinery, in 
sucrose gradient sedimentation experi-
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